Intravascular stents increase long-term patency but their effects on the vascular mechanics of adjacent segments have not been studied. In this study, stents were deployed in the rabbit abdominal aorta after 1 week of normal diet, 1% cholesterol diet or 1% cholesterol diet with l-nitro arginine (l-NA 60 mg/l water). Intravascular ultrasound showed a small distal decrease in vessel distensibility (area/pressure * 100) before stenting. Distensibility was almost abolished by stenting (0.12 ± 0.01, p Ͻ 0.001), but was increased proximal to the stent and decreased distal to the stent both acutely (proximal: 1.18 ± 0.10 vs distal: 0.65 ± 0.06, p Ͻ 0.001), and at 4 weeks (proximal: 1.05 ± 0.08 vs distal: 0.37 ± 0.07, p Ͻ 0.001). Nitric oxide (NO) activity was enhanced proximal to and within the stent, and remained constant distal to the stent, (versus control, proximal: 57 ± 23%, stent: 136 ± 35%, distal: 2 ± 12%, p Ͻ 0.01). The I/M ratio was significantly higher proximal to and within the stent than in the distal segment (proximal: 0.40 ± 0.10, stent: 0.37 ± 0.12, distal: 0.12 ± 0.11, p Ͻ 0.01). NO blockade with l-NA prevented hyperdistensibility proximally, and significantly increased the I/M ratio within the stent and distally (stent: 0.81 ± 0.19, distal: 0.30 ± 0.10, p Ͻ 0.05) but not proximally (0.38 ± 0.09). In conclusion, aortic stenting increases proximal vascular distensibility and intimal lesion formation. Nitric oxide blockade augments intimal growth within but not proximal to the stent.
Introduction
It has long been recognized that increased mechanical stretch can affect arterial structure 1 and can promote the formation of atherosclerotic lesions. 2 Inhibition of circumferential stretch with external stenting inhibits the formation of lesions in vein grafts, 3 and the natural splinting of arteries such as in the vertebral canals, carotid syphon and intramyocardial vessels is thought to prevent the formation of atherosclerotic lesions. 4 Although it is clear that stenting of coronary and peripheral atherosclerotic stenoses considerably improves longterm patency at the treated site compared to conventional balloon angioplasty, 5 little is known about the effect of stent implantation on the remainder of the treated vessel. Vessel wall motion within the stented segment would undoubtedly be reduced, but it is uncertain what effect stent implantation has on vessel wall motion proximal and distal to the dilated segment, and how this may affect the progression of disease. In many arteries in which stents are inserted, propagation of the pulse wave relies in part on vessel wall elastic lamellae, which help transmit the pressure downstream. In situations where such propagation is prevented, such as coarctation of the aorta, wall motion downstream is reduced and results in reduced formation of a University of Innsbruck School of Medicine, Division of Cardiology, Innsbruck, Austria; b Stanford University Medical Center, Division of Cardiovascular Medicine, Stanford, CA, USA; c Leipzig Heart Center, Department of Internal Medicine and Cardiology, Leipzig, Germany atheroma, presumably through attenuating stretch-activated responses. 2 Stretch may activate proatherogenic growth factors but also protective molecules such as nitric oxide (NO). This study was therefore designed to examine how stent implantation changes vessel distensibility proximal and distal to the stent, to correlate changes in distensibility with tissue NO levels and to determine what effect the changes in NO may have on lesion development.
Methods

Animals and study design
Twenty-seven male New Zealand white rabbits (NZW) weighing 3.8 ± 1.5 kg were entered into the study after a 1-week period of acclimation in the housing facilities of the Stanford University Department of Comparative Medicine. The experimental protocols were approved by the Administrative Panel on Laboratory Animal Care of Stanford University and were performed in accordance with the recommendations of the American Association for the Accreditation of Laboratory Animal Care. Distensibility measurements were made at all time points in all animals. In all animals, a stent was deployed in the abdominal aorta after 1 week of diet. A total of 17 rabbits were kept on a normal diet and their aortae were used to evaluate NO levels in the different segments. Five animals fed a high-cholesterol diet (1%; Dyets, Bethlehem, PA, USA) were used to assess the effect of changes in distensibility resulting from stent implantation on lesion formation at 4 weeks. Five rabbits fed a high-cholesterol diet and 60 mg/l l-nitro arginine (l-NA; an inhibitor of NO synthase) in their drinking water were used to examine the role of NO in both the changes in distensibility and lesion development.
Anesthesia, imaging, stent deployment and tissue harvest
One week after initiating the normal or high-cholesterol diet, the rabbits were anesthetized using a mixture of ketamine (5 mg/kg) and xylazine (35 mg/kg). Heart rate (beats/min) and blood pressure (mmHg) was monitored throughout the whole procedure. Through an arteriotomy in the right common carotid artery, a 5F sheath (Cordis, Miami, FL, USA) was advanced under fluoroscopic control into the descending aorta. An abdominal aortic site was selected for stent deployment in which the maximal systolic diameter at the midpoint or articulation site was 2.75-3.0 mm (so that the balloon:artery ratio was 1.0-1.1:1) using an intravascular ultrasound (IVUS) catheter (3.2F, 30 MHz; Boston Scientific, NJ, USA) and the axial location was noted relative to the thoracolumbar vertebrae. ECGgated IVUS images were recorded after intra-arterial nitroglycerin at several sites relative to the stent midpoint (see Figure 1 ) both before and immediately after stent implantation and also at follow-up on super-VHS tape for offline analysis using commercially available image analysis software (Tape Measure, Indec IA). Distensibility was calculated as previously described 6 :
(systolic − diastolic area [mm 2 ])/(systolic − diastolic pressure [mmHg]) * 100.
A 15-mm balloon-expandable stent mounted on the middle of a new 20-mm delivery balloon (PS153SDS; Johnson & Johnson, CT, USA) was advanced into the selected segment to align the middle marker with the previously noted vertebral landmark. The balloon was inflated three times to 8 atmospheres with 30-s intervals between each inflation. IVUS measurements were then repeated, the catheter and sheath removed and the carotid artery ligated, and the wound closed. After 4 additional weeks of diet, the animals were reanesthetized and through a 5F sheath in the left common carotid ECG-gated IVUS images of the same segments were again recorded for offline analysis. Animals were then sacrificed following the final IVUS investigation, and the vascular segments were excised.
Measurement of NO
The harvested aortic rings were cut longitudinally and incubated in 2 ml of Hanks buffered saline (HBSS) solution Figure 1 The cross-sections investigated with intravascular ultrasound (IVUS) for the assessment of compliance (7.5 mm proximal and distal to the stent, 1.25mm proximal and distal to the stent and within the body of the stent). Histologic cross-sections were obtained from balloon-injured segments proximal and distal to the stent and within the stent. For each segment, three measurements were made and a mean value calculated.
Vascular Medicine 2001; 6: 139-144 (Irvine Scientific, Irvine, CA, USA) containing calcium ionophore (1 mol/l, A23187; Sigma, St Louis, MO, USA) and l-arginine (1 mmol/l; Sigma) at 378°C. At selected time points (0, 30, 60, 120 min), samples of the medium were collected for measurement of nitrogen oxides (NOx), as previously described. 4 After incubation the segment was weighed and NOx was measured with a commercially available chemiluminescence apparatus (Model 2108; Dasibi Environmental Corp., Glendale, CA, USA). Samples (100 l) were injected into a reduction chamber containing boiling acidic vanadium-chloride III. In the reduction chamber, NO 2 − and NO 3 − are reduced to NOx, which is then detected by the chemiluminescence after reaction with ozone. Signals from the detector were analyzed by a computerized integrator and recorded as areas under the curve. Standard curves for NO 2 /NO 3 were linear over the range of 50 pmol to 10 nmol.
Morphometric analysis
After perfusion fixation (5 min at 100 mmHg) and then immersion fixation in 10% buffered formalin, stented and non-stented segments were embedded end-on in methacrylate and paraffin, respectively. Sections measuring 5 m were cut with a microtome using tungsten carbide and stainless steel blades, respectively, prior to staining with hematoxylin and eosin. All measurements of intimal and medial cross-sectional area were performed by observers blinded to the treatment group at 4× magnification, using the Image Analyst histomorphometric program (Automatix, Boston, MA, USA). Cross-sectional areas of the respective vessel wall layers and an intima (IEL-lumen)/media (EEL-IEL) ratio were calculated by the program after tracing the internal and external elastic laminae. Three cross-sections were averaged for each vessel segment affected by balloon inflation and four for each stented segment.
Statistical analysis
Data are presented as mean ± SD. Student's t-test with Bonferroni correction for multiple comparisons was used to compare variables. Additionally, a two-factor analysis of variance was performed to verify the difference within the treatment group and between the groups. Significant difference was assumed with p Ͻ 0.05.
Results
Hemodynamic variables
Before stenting, blood pressure was 95 ± 10 mmHg systolic/50 ± 7 mmHg diastolic and heart rate was 180 ± 27 beats/min. This did not change significantly after stenting (97 ± 11 mmHg/52 ± 6.2 mmHg; 182 ± 21 beats/min, respectively). At follow up, in vehicle-treated animals, there was no significant change in blood pressure and heart rate (97 ± 6 mmHg systolic/51 ± 4 mmHg diastolic; 175 ± 32 beats/min). However, in animals with l-NA, blood pressure increased with a minor reduction in heart rate (110 ± 7 mmHg systolic, 60 ± 4 mmHg diastolic, heart rate 162 ± 23 beats/min, p Ͻ 0.05 compared to baseline).
Vascular distensibility
At baseline, diastolic vessel cross-sectional areas in the proximal, proximal adjacent, stented, distal adjacent and distal segments were (10.59 ± 0.7, 10.54 ± 0.62, 10.64 ± 0.54, 10.62 ± 0.54, and 10.58 ± 0.58 mm 2 , respectively; p = NS). Before stenting, vascular distensibility was highest in the proximal segment with a gradual decrease towards the distal segment (see Figure 2 ). After stent placement, distensibility increased significantly proximal to the stent with no change distal to the stent. Wall motion was almost totally abolished within the stented segment. Four weeks after stenting, distensibility in the proximal segments was still significantly increased relative to baseline and the distal segments (see Figure 2 ).
Distensibility proximal to the stent was significantly reduced, but was minimally affected in the distal segments in animals treated with the NO synthase inhibitor l-NA. (Figure 2 ).
Nitric oxide levels
Four weeks after stent implantation, NO production in the distal segments was similar to that in control segments (Figure 3 ). The NO levels in the distal adjacent segment (where balloon inflation had occurred) were only mildly elevated above those in the distal segment (untouched by the balloon). At the stented sites, NO levels were moderately elevated. Proximal to the stent NO production was also significantly enhanced in both the proximal adjacent and proximal segments, and were similar to those within the stent.
Intima/media ratio
The intima/media (I/M) ratios for stented and non-stented segments are shown in Figure 4 . The I/M ratio was significantly larger proximal to than distal to the stent, despite similar amounts of injury (localized tears in the IEL only) and was comparable to the ratio observed in segments within the stent. After treatment with the NO synthase inhibitor l-NA, the I/M ratio increased significantly distal to and within the stent but did not increase proximal to the stent. The I/M ratio was then comparable between proximal and distal segments, but was significantly greater within the stent (Figure 4 ).
Discussion
In this study we have shown that insertion of a stent with minimal overexpansion results in significant upstream 
Figure 2
Compliance before (hatched bars), immediately after (black bars) and 4 weeks (dotted bars) following stent placement in rabbits on (A) normal diet, (B) 1% cholesterol diet, and (C) 1% cholesterol + l-NA. While compliance was gradually decreasing before any intervention, stent placement resulted in a significant increase in compliance in the segments proximal to the stent (*p Ͻ 0.01 compared to before the stent placement). These changes were not significantly affected by the 1% cholesterol diet but were markedly reduced by l-NA treatment.
changes in vessel wall motion, culminating in accelerated development of neointimal lesions. While these effects are likely to be most pronounced in the aorta, they may still have significant neointima-stimulating effects on other elastic arteries in which stenoses are currently treated with stent implantation.
Stents are now used routinely to treat atherosclerotic stenoses in the coronary, carotid, renal and iliofemoral beds, and long-term follow-up studies have shown preserved lumen size without any adverse outcomes related to the treatment site. 5 In addition, stents have been successfully used to stop the progressive expansion of atherosclerotic aneurysms, most notably in the abdominal aorta. 7 Despite the improved outcome at the treated site, when The intima/media (I/M) ratios for the proximal, distal and stented segments in rabbits either exposed to a highcholesterol diet alone (black bars) or cholesterol + l-NA in the drinking water (hatched bars). In the proximal segments, the addition of NO-blockade did not alter the I/M ratio significantly; however, in the distal segments and in the stented segments, the blockade of NO synthesis resulted in a significant increase in the I/M ratio (*p Ͻ 0.01).
compared with balloon angioplasty there has been no improvement in long-term death and myocardial infarction rates after coronary stenting. 8 This may be due to the importance of the progression of non-treated sites in determining long-term outcome. While it has been reported that repeat revascularization is required in approximately 40% of patients after 5 years of follow-up, over half of this was for new lesions, and over half of these new lesions occurred in the treated vessel. 9 It has recently been reported that the progression of atherosclerosis proximal to the stented segment is significantly greater than that distal to it. 10 While the trauma of stent passage may contribute to this it is possible that changes in vessel wall motion similar to that observed in this study may also play a role. Intuitively, as long as the stent is well apposed and expanded to normal systolic dimensions or greater, one would expect motion to be markedly reduced within the stented segment and in the non-stented segments a reduction in motion proportional to proximity to the stent Vascular Medicine 2001; 6: 139-144 edge. However, such a simple appraisal fails to appreciate the importance of pressure wave propagation in the normal wall motion of elastic arteries. The propagation of pulse waves within the aorta relies on the arrangement of elastic lamellae, 11 and reflection of pressure waves occurs at sites where this process is interrupted, predominately at the aortic bifurcation. Previous studies have shown that wave reflection also occurs in first-order branch elastic arteries of the aorta such as the carotid. 12 In addition, it is well recognized that mechanical prevention of such propagation results in reduced wall motion distally, despite preserved mean pressure. 2 It is highly likely that the changes in vessel wall motion observed in this study proximal and distal to the stented segment are largely due to reflection of pressure waves.
The effect of the increases in distensibility on the development of neointima are consistent with previous studies which underlined the importance of circumferential vessel stretch on intimal lesion formation. Banding of the proxi-mal thoracic descending aorta to mimic coarctation results in more rapid development of atheroma proximal to the banding and reduced lesion formation distally. This differential formation of atherosclerotic lesions is not due to a difference in mean pressure but is proportional to the alteration in wall motion. 2 Similarly, external stenting results in reduced saphenous vein graft intimal hyperplasia, an effect associated with attenuated expression of platelet-derived growth factor, 3 a vascular smooth muscle cell mitogen induced by cyclical stretch. 13 Many other atherogenic molecules have been shown to be stretch-sensitive, including basic fibroblast growth factor, 14 endothelin, 15 monocyte chemotactic protein-1 16 and transforming growth factor-␤. 17 In addition, oxidant stress, a potent promotor of atherogenesis, is increased by cyclic strain. 18 The role of NO in the augmentation of neointima development by stretch is intriguing. Elaboration of NO in the vessel wall was increased in the proximal segments where distensibility was greatest, consistent with in vitro data where NO production was augmented by stretch. 19 Inhibition of NO production reduced distensibility as has been previously demonstrated in dog coronary arteries. 20 Inhibition of NO production increased the I/M ratio within and distal to the stent consistent with the many antiatherogenic actions of NO. 21 However, in the proximal segments, where the increases in distensibility were attenuated, there was no change in I/M ratio, perhaps because the detrimental effects of reductions in NO were balanced by the benefits of reduced stretch.
While the impact of increased wall motion on neointima progression has been demonstrated in this and other studies, its effect on the risk of plaque rupture in the segments proximal to the stent is unknown. It has been shown that plaque rupture occurs at sites of maximal circumferential strain 22 and that maximal strain occurs at sites where distensibility changes rapidly (i.e. a fixed segment lies adjacent to a highly motile segment). 23, 24 Such rapid changes in distensibility may occur in the areas proximal to a stent. It is quite possible that plaque rupture in this area early after stent implantation could be falsely attributed to occult edge dissection. If the plaque rupture did not result in sufficient thrombus to limit flow down the vessel (i.e. remained clinically silent), this may result in plaque progression. To examine these possibilities in animals would be very difficult due to the rarity of plaque rupture in animal atherosclerosis, and to discriminate between edge dissection and new plaque rupture immediately after stenting in humans would also be fraught with difficulty.
There are several limitations of this study that should be borne in mind. First, the study was performed in rabbits where there was no detectable atheroma at the time of stent implantation. Human atherosclerosis has a significant effect on distensibility 23 and may affect the severity of the observed changes significantly. However, in our rabbits, distensibility changes persisted after lesions had developed suggesting that these effects may still be important in diseased vessels. Secondly, this study was performed in the abdominal aorta in which the elastic properties of the vessel wall are an inherent and important part of pulse wave propagation. It is likely that in less elastic vessels less pronounced wave reflection would occur, and it is quite possible that these effects would not occur at all in the coronary vessels. However, stents are used to treat stenoses in several Vascular Medicine 2001; 6: 139-144 branches of the aorta in which pulse wave reflection does occur, such as the carotid, renal and iliofemoral arteries, and our study may have important implications. Similar studies of distensibility pre-and post-stenting in humans would help to discern the clinical importance of our observations.
In summary, we have shown that stent implantation results in significant changes in vessel wall motion proximal to the stent, which has important effects on the development of neointima. In addition, while NO has important antiatherogenic effects in most circumstances, in the presence of increased distensibility these effects appear nullified by the detrimental effect of increased vessel wall stretch.
